ABSTRACT
Stream monitoring in Yellowstone National Park is being carried out to obtain baseline information on the natural variations in thermal activity against which to assess possible future impacts of geothermal, oil and gas, and other types of development adjacent to the Park and to relate these variations to seismic events and the possible movement of magma under the Park. The proximity of the Island Park Geothermal Area in Idaho and its possible future development places particular emphasis on investigation of the southwestern part of the Park.
Continuous automated measurements of thermal flux from features in this remote section of the Park proved to be impractical because of the necessity of visiting the sites frequently to service the equipment. A practical protocol was developed requiring the instantaneous measurement of the flux in surface streams once a year during the winter baseflow regime. The installation of weirs and staff gauges on the thermal streams made it possible to collect data from this area during a one-day helicopter trip.
The changes in discharge of thermal streams, which originate from hot springs, correlated with changes in discharge of the major rivers draining the Park and also with changes in precipitation over the Park. Because over 94 percent of the chloride in the rivers and streams in the Park is of geothermal origin, chloride flux can also be used as a measure of thermal flux. Annual values in both discharge and chloride flux at 10 of the 11 monitoring stations during base 1 U.S. Geological Survey, Denver Federal Center, Denver, CO 80225-0046. 
INTRODUCTION
Monitoring of thermal activity in Yellowstone National Park has been carried out since 1980 to obtain baseline information on the natural variations in activity against which to assess possible future impacts of geothermal, oil, gas, and other types of development adjacent to the Park. The data will also relate these variations in activity to seismic events and to the movement of magma under the Park. Because of the proximity of the Island Park Geothermal Area (lPG A) in Idaho ( fig. 1 ) and the possibility of future development of its energy resources, this investigation concentrated on the southwestern portion of the Park. This area contains many small and medium-size thermal features that may respond to disturbance by development adjacent to the Park. Of interest to this study are streams issuing from the thermal features, which makes feasible the monitoring of chloride flux. Jones and others ( 1979) published results on the amount of discharge and chloride concentration of surface waters in the Falls River drainage within the Park, which were useful in developing our experimental program. Data on the Boundary Creek thermal areas were reported by Hutchinson (1980) and by Thompson and Hutchinson (1980) . To orient our program in the IPGA, we used data by Whitehead (1978) on surface waters in the Upper Henrys Fork Basin. This is the first published report of a long-term monitoring study in this area, the conclusions of which reinforce the necessity for such long-term monitoring of streams containing thermally derived chloride. The report is divided into two sections; the first discusses monitoring of thermal features within the Park, and the second is concerned with monitoring of rivers and streams outside the Park boundary that we believe contain thermal waters heated by the Park magma system.
STREAM MONITORING IN SOUTHWESTERN YELLOWSTONE NATIONAL PARK

INITIAL INVESTIGATIONS
Because the study area was remote and difficult to access, we initially attempted to utilize automated equipment to record stream flow, water temperature, and electrical conductivity and to store the data for later retrieval. We planned to service the monitoring sites three times a year. The initial site was established at the Monitor Creek Thermal Area ( fig. 2 ) on a small stream draining a hot spring, identified in figure 3 as Weir 3. The data was recorded daily at noon and midnight by a Campbell Scientific Co. Micrologger (Model CE 21) and stored on a magnetic-tape cassette. Although the instrument was capable of running for nine months on internal dry cells, the si te was visited several times a year to service the equipment and retrieve the cassette containing the data. The relative fl ow of the thermal stream was monitored by recording the depth of water in Weir 3, located about 100 meters downstream from the hot-spring source. For the first nine months, temperatures and electrical conductivity were measured at the weir. Afterwards, temperatures were also measured in the hot -spring orifice, which discharged at a temperature of about 80°C. Figure 4 shows the data from October 1, 1980 , to June 15, 1981 . Cooling of the water in the stream due to snow melt was observed during April and early May, 1981 . The low electrical conductivity and high water flow also reflected the input of snow melt during this period. During late May and June of 198 1, the water flow remained high but the temperature and electrical conductivity increased. This was attributed to increased fl ow from the hot spring, offsetting a decreased contribution from snow melt.
The success of thi s effort encouraged us to establish a second instrumented site on a thermal stream in the Silver Scarf Thermal Area ( fig. 2 ), located about 3.5 miles from the first site. Shortly after the equipment was installed, a series of problems arose. First, the thermistors used to measure temperature and water level in both weirs failed after time periods that varied from 1 to 10 months. Efforts to protect these devices proved unsuccessful, due probably to the continuous exposure to elevated temperatures. Secondly, the remote location, which coul d be accessed by foot or horseback only four months of the year and by helicopter the remainder of the year, made it impractical to service the sites frequently enough to secure continuous records.
As a result of these initial field experiments, we decided on a protocol of annual visits at a multitude of noninstrumented sites rather than continuous monitoring at a few instrumented sites. Each site was to be visited in the winter at the time of presumed base flow . 
SUBSEQUENT INVESTIGATIONS
To determine the sites at which thermal fluids exit in the southwestern portion of the Park and adjacent areas, a survey was made of the chloride flux of streams originating in these areas. From a previous investigation (Norton and Friedman, 1985) , it was determined that at least 94 percent of the chloride present in rivers draining the Park is of geothermal origin and, therefore, chloride flux can be used to assess thermal flux, as was suggested by Fournier and others (1976) . To determine chloride flux, it is necessary to measure simultaneously the stream discharge and chloride concentration. The chloride flux is the product of these values (Norton and Friedman, 1985) . A discussion of the experimental details and analytical protocols is given in Norton and Friedman (1991) .
The locations of the sites inventoried are shown in figures 5 and 6, and the experimental data are given in tables 1 and 2. We determined that about 55 percent of the chloride leaving the southwestern part of the Park leaves via the Falls River. The remaining 45 percent leaves in streams draining the west boundary of the Park that in tum drain into the Henrys Fork (river) ( fig. 6 ). Of the chloride that exits the Park via the Falls River, 70 percent originates in the Pitchstone Plateau and the Three Rivers Thermal Area, and the remaining 30 percent originates in the Boundary Creek drainage. Inasmuch as the latter drainage is closest to the Park boundary and the source of possible negative impact on the Park, we concentrated our efforts in this area.
As a result of this survey, we selected 11 sites for monitoring in the southwestern part of the Park. Of these, ten are located in the Boundary Creek drainage and one in the Robinson Creek drainage. Of the ten sites, seven are located near the source of small thermal streams, two on large tributaries of Boundary Creek and one on Boundary Creek itself. The small streams were judged to be sensitive indicators of environmental change, and their discharges were easily measured by small weirs. To minimize any environmental impact, the weirs were constructed of redwood with an attached stainless steel weir plate. Figure 7 shows two typical weirs. The discharges of the larger streams were measured using velocity meters. The thermal areas in which these streams are located were described by Hutchinson (1980) and are listed below and shown in figure 1: (1) Monitor Creek Thermal Area ( fig. 3 ) is the southernmost of the Upper Boundary Creek thermal areas. The three sites being monitored constitute most of the surface flow from the thermal features at this locality: Weir 1. The flow into this weir issues from a small thermal area containing hot acid waters and steam vents tens of meters upstream. Weir 2. This is located on a small stream that appears to drain the large steam and acid-water vents that are the main visible features of the Monitor Creek Thermal Area.
Weir 3. This weir is on a small thermal stream that drains a hot spring located about 50 meters upstream. Occasionally, a small fraction of the streamflow is from an intermittent cold-water source. (2) Middle Boundary Creek Thermal Area (fig. 8) was also described by Hutchinson (1980) . The four sites monitored here constitute most of the surface flow from this geothermal feature. All four thermal streams are fed by springs that issue from beneath the adjacent Summit Lake rhyolite flow. In addition to the small thermal streams described above, three large streams, each of which integrate the discharge of a number of thermal features, were provided with staff gauges (calibrated using velocity meters) for the measurement of discharge. These streams are monitored as follows:
(1) Silver Scarf Creek drains a large thermal area named by Hutchinson (1980) as the Silver Scarf Thermal Area. The staff gauge is located more than 20 meters downstream from the last thermal stream that enters the creek.
(2) Boundary Creek Tributary was described by Jones and others (1979) as unnamed creek No. 1783. Our gauging site is located one-half mile upstream from 
CALIBRATION OF WEIRS AND STAFF GAUGES
Calibration of the discharges through weirs is often made using velocity meters. For these small shallow streams with irregular bottoms, the measurements of discharge by stream velocity are considered to be less accurate than those made using standard weirs. Despite this, the results in table 3 show reasonable agreement between measured flows and those derived from the standard rating tables (Larsen, 1976) for weirs.
The discharges of the large streams where staff gauges were located were measured using velocity meters and standard hydrologic methods. When sufficient data have been accumulated, rating tables for these gauging sites will be prepared.
RESULTS
The results of the discharge measurements, the chloride concentrations, and the calculated chloride flux are given in table 4 and plotted in figures 9-I2. For monitoring purposes, we have chosen to consider only the flux measurements made during the winter at presumed base flow. However, for future reference we also listed data from measurements made at other times of the year.
Data for the Monitor Creek weirs are plotted in figure  9 . The stream at Weir I showed a fairly constant chloride concentration but a variable flow rate that actually dropped to zero during February and March of I989, I992, and I993. Table3. Calibration data comparing discharges measured in weirs using velocity meters and discharges from standard weir rating tables. The large decreases in discharge observed in both the small and large thermal streams can be attributed to a lowering of the water table resulting from several years of exceptionally low precipitation. The reductions in discharge of the springs parallel the observed changes in discharge of the major rivers draining the Park (Falls, Madison, Snake, and Yellowstone Rivers), which also show large decreases in 1987 and 1988 followed by a small increase in 1989 (Norton and Friedman, 1991) .
A plot of the water-equivalent of the snow pack collected on April1 (the date of maximum snow pack) from six sites in the southwestern area of the Park (locations shown in figure 13 ) for 1980-92 is shown in figure 14 . The changes in discharge of the monitored thermal springs and rivers draining these features (table 4) tend to follow the changes in the water content of the winter snow, which is the major source of recharge of the aquifers in this region. A plot of the total precipitation received at Snake River (south entrance of the Park) and Yellowstone Lake during the same period is shown in figure 15 . This diagram also shows a good correlation between thermal-spring discharge and precipitation. mirrored by the decrease in spring discharge during these two years. Weirs 1, 2, and 7 also show an increase in flow in 1989 and 1990 that correlates with increased precipitation and snow fall in 1988-89 and 1989-90 recorded at Snake River and Yellowstone Lake. The chloride concentration of the monitored springs is relatively constant through time, although their discharge varies both seasonally and over longer time periods. As a result, the chloride flux from these springs increases during periods of increased discharge. Friedman and Norton (1990) concluded that these changes were caused by changes in the height of the local water table, which affected the discharge of the springs but not their chloride concentration. These large variations in flow and chloride flux during this fiveyear period demonstrate the need for long-term monitoring to secure meaningful baseline data and to relate changes in hot-spring activity to other natural phenomena.
CONCLUSIONS
Based on the experience gained and on the data accumulated in this part of the study, the following conclusions are drawn: (1) Continuous instrumental measurement of thermal flux from features in the southwestern portion of Yellowstone National Park is impractical because of the remoteness of the area and the necessity of visiting the LL 0.030 sites frequently to service the equipment. These visits would be prohibitively expensive because access for eight months of the year is limited to helicopter flights, and the nearest available helicopter service is in Jackson, Wyo., a distance of 75 miles from the study area. changes demonstrate the necessity for long-term monitoring to establish a baseline for assessing possible future effects of development west of the Park boundary, which includes extraction of gas and oil as well as geothermal water and steam. (4) The discharge of the systems that we monitored appears to respond to the availability of meteoric water. A surprising discovery is the direct relationship between discharge of the thermal systems and chloride flux. Whether this relationship is the result of chloride storage during low-flow regimes and release of stored chloride during periods of high discharge, or whether it is the result of the direct influence of water-table height on the hydrothermal system, has been a subject of controversy. Our evidence, based on studies of hot springs where storage cannot have occurred, substantiates the latter explanation.
MEASUREMENT OF THERMALLY DERIVED CHLORIDE IN THE ISLAND PARK GEOTHERMAL AREA, IDAHO
Monitoring of thermal waters exiting the Park into the IPGA west of the Park should provide early warning of the adverse effects of development in this area of geothermal, gas, and oil resources. From an examination of published hydrologic records, Norton and Friedman (1985) concluded that about 5 percent of thermal water exiting the Park emerges in the IPGA, adjacent to the west boundary of the Park, as surface and subsurface flow. This water ultimately flows into the Henrys Fork.
Taking the December 5, 1974, data from Whitehead (1978) for discharge and chloride concentration at selected sites, we calculated instantaneous chloride flux for the sites along, and tributary to, the Henrys Fork. These values are shown in figure 6 . About 70 percent of the chloride flux exiting the IPGA at Ashton, Idaho, is accounted for by the sum of the chloride flux from Big Springs, Buffalo River, Warm River, and Robinson Creek. Another 20 percent is from subsurface inflow to the Henrys Fork between Osborne Bridge and Warm River. About 3 percent is from inflow between Henrys Lake and Big Springs, and most of the remaining 7 percent is from the Island Park Reservoir.
Our data for 1984--92, shown in table 2 and plotted in figure 16 , depicts discharge and chloride flux in Big Springs, Buffalo River, Warm River, and Robinson Creek. All of the streams suffered a decline in discharge and chloride flux with time. The change in the chloride flux in Big Springs is significantly less than the changes in the other three streams. The discharge of Big Springs, Robinson Creek, and Warm River also decreased after the 1985-86 period. These changes follow similar trends in the data from the major rivers draining the Park, as reported in Norton and Friedman (1991) . Similar trends appear in the data that we report for the thermal streams inside the southwestern portion of the Park. 
CONCLUSIONS
The large variations in chloride flux shown in these data support the conclusion that long-term monitoring is necessary along the Henrys Fork and its tributaries. The large thermal-water input to the Henrys Fork between Osborne Bridge and the confluence with Wann River can be monitored by taking the difference between measurements made at these two sites. We propose that a special effort be made to monitor chloride flux at the following locations during winter base flow: Inasmuch as 90 percent of the chloride flux can be accounted for by monitoring locations 2 and 5-9, we suggest that priority be placed on these. For a complete evaluation of chloride input and output to the Henrys Fork river basin, the remaining three locations should be added.
80
EXPLANATION
70
---o--Aster Creek
·········O········
Grassy Lake 
